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Introduction {#sec001}
============

Toll-like receptor 4 (TLR4) is one of the key initiators of the innate immune response and promotes adaptive immunity \[[@pcbi.1007228.ref001], [@pcbi.1007228.ref002]\]. TLR4 belongs to the type I transmembrane proteins and consists of an extracellular ligand-binding domain (ECD; also known as ectodomain) containing leucine rich repeats that folds into a characteristic solenoid horseshoe-like structure; a single transmembrane *α*-helix; and a globular intracellular Toll-interleukin I receptor (TIR) signaling domain, which is responsible for the downstream signaling \[[@pcbi.1007228.ref003]\]. Engagement of TLR4-MD2 system by its ligands causes dimerization of the receptor system \[[@pcbi.1007228.ref003]--[@pcbi.1007228.ref005]\] that results in conformational changes within the TIR domains, stabilizing the receptor complex and leading to recruitment of intracellular TIR domain-containing adaptor proteins to initiate downstream signaling cascades \[[@pcbi.1007228.ref003]\].

TLR4 is the signaling receptor for lipopolysaccharide (LPS) \[[@pcbi.1007228.ref006]--[@pcbi.1007228.ref008]\] that requires myeloid differentiation factor 2 (MD2) as an LPS co-receptor \[[@pcbi.1007228.ref009]\]. Disregulation of the TLR4 system may cause various autoimmune diseases and septic shock \[[@pcbi.1007228.ref010]\], whereas sepsis and septic shock accounts for millions of deaths worldwide every year and is the number one cause of death in intensive care units \[[@pcbi.1007228.ref011]\]. LPS or endotoxin, found in the outer membrane of Gram-negative bacteria \[[@pcbi.1007228.ref010]\], is one of the most powerful immunostimulators known and is responsible for the Salmonella food poisoning and the dangerous endotoxic shock, a severe inflammatory disease that leads rapidly to multi organ failure and death that accounts for about 200,000 deaths per annum in Europe \[[@pcbi.1007228.ref006]\]. Studies are also producing interesting findings that TLR4-MD2-LPS activation could provide a link between inflammation with cancer \[[@pcbi.1007228.ref012]--[@pcbi.1007228.ref016]\]. Moreover, A number of studies suggest a possible role for TLR4 in cardiovascular disease \[[@pcbi.1007228.ref017], [@pcbi.1007228.ref018]\], inflammatory bowel disease \[[@pcbi.1007228.ref019]\], HIV-1 disease \[[@pcbi.1007228.ref020]\], Alzheimer's disease \[[@pcbi.1007228.ref021]\], rheumatoid arthritis \[[@pcbi.1007228.ref022], [@pcbi.1007228.ref023]\], renal disease \[[@pcbi.1007228.ref024]\], obesity, and diabetes types I and II \[[@pcbi.1007228.ref025]\]. Thus, understanding the mechanism of action of LPS-mediated immune activation, in particular to TLR4 system, is an important objective in medical research. To this end, although several anti-inflammatory compounds and antibodies modulating TLR4 have already undergone preclinical and clinical evaluations \[[@pcbi.1007228.ref012], [@pcbi.1007228.ref026]--[@pcbi.1007228.ref029]\] and have reached clinical trials for various indications \[[@pcbi.1007228.ref030]--[@pcbi.1007228.ref033]\], finding an effective TLR4 or/and MD2 modulator remains a challenging endeavor. Hence, elucidation of the mechanism of the TLR4-MD2 system has high potential for the design of new molecules able to modulate TLR4 immune response.

Although neoseptin3 \[[@pcbi.1007228.ref034]\], a chemically synthesized peptidomimetic compound, shares no structural similarity to LPS, it can also bind and activate the mouse TLR4-MD2 complex \[[@pcbi.1007228.ref035]\] with an EC~50~ of 18.5 μM. Thus, non-LPS ligands of natural origin might be capable of activating the TLR4-MD2 complex without an LPS-like structure. The relatively modest potency of neoseptin3 and the nano-mole level high potency of LPS provide an avenue to evaluate the underlying binding and activation mechanisms in terms of their commonality and differences that may in turn help the discovery of antagonistic compounds.

In this work, our goal is to study the key ligand-receptor interactions to rationalize the mechanism for TLR4-MD2 modulation by computational techniques to gain insights into the mechanism behind the TLR4-MD2 activation and into the molecular recognition process at the atomic level. Our study will complete a missing point of dimerization and how TLR4-MD2 system binds to its natural and synthetic ligands and how these binding interfaces lead to TLR4 dimerization that triggers activation of downstream signaling.

Recently, Huber et al. \[[@pcbi.1007228.ref036]\] developed near-atomic computational models to simulate LPS transfer through the TLR4 pathway and revealed that LPS recognition is favored by a thermodynamic funnel of increasing affinity along the proposed transfer pathway via CD14 to the TLR4-MD2 complex. They also proposed the role of F~126~ in MD2 as a key mediator in the microscopic LPS transfer between CD14 and TLR4-MD2 complex. Moreover, their energy calculations for the binding of ligand-free, apo MD2 to TLR4 showed that heterodimeric TLR4-MD2 complex exists in a pre-assembled state, consistent with the single-molecule studies of Ryu et al. \[[@pcbi.1007228.ref037]\] in which LPS transfer to MD2 was primarily TLR4 dependent, and with experimental demonstrations of stronger affinity for LPS binding to the TLR4-MD2 complex than to MD2 \[[@pcbi.1007228.ref038]\].

In recent years, crystallographic data \[[@pcbi.1007228.ref035], [@pcbi.1007228.ref039]\] have illuminated the structural features of TLR4-MD2 system and revealed that: 1) overall complex organization is highly conserved and 2) the ligand-bound tetramer undergoes local structural changes in F~126~ of MD2. Crystallography studies have summarized comprehensively the structural differences induced by ligand binding. In this work, the TLR4-MD2 system is examined systematically by free energy calculations which provides a qualitative picture on the key factors driving and stabilizing the tetramer formation.

Results and discussion {#sec002}
======================

Stable complexes observed in simulations {#sec003}
----------------------------------------

We have performed series of molecular dynamics (MD) simulations on four mouse TLR4-MD2 complexes \[[@pcbi.1007228.ref035]\]: TLR4-MD2 heterodimer, (TLR4-MD2)~2~ tetramer, LPS-bound (TLR4-MD2)~2~ tetramer, neoseptin3-bound (TLR4-MD2)~2~ tetramer using AMBER simulation package \[[@pcbi.1007228.ref040], [@pcbi.1007228.ref041]\]. Each system was simulated four times to allow an assessment of the consistency of the observations. Each simulation was performed to 1.2 μs, in a fully solvated periodic box of water. Overall, all simulations were stable, as measured by the C~α~ root mean-square difference (RMSD) from their respective X-ray structures after rigid-body alignment ([S1 Table](#pcbi.1007228.s011){ref-type="supplementary-material"}). Among the four systems, the largest average RMSD (over the last 1.0 μs and four trajectories) was 3.93 Å, from the ligand-free tetramer. The smallest average RMSD was 2.51 Å, from the LPS-bound tetramer. In fact, all 8 ligand-bonded simulations exhibited higher stability than the ligand-free tetramer and only one of the four (TLR4-MD2-neoseptin3)~2~ trajectory had slightly elevated dynamics with an average C~α~ RMSDs exceeded 3.0 Å; all other 7 ligand-bonded trajectories had average C~α~ RMSDs below 3.0 Å ([S1 Table](#pcbi.1007228.s011){ref-type="supplementary-material"}). In comparison, of the 8 ligand-free simulations, only one of the four TLR4-MD2 heterodimer trajectories had the average C~α~ RMSDs smaller than 3.0 and all other 7 ligand-free trajectories had the average C~α~ RMSDs exceeded 3.0 Å ([S1 Table](#pcbi.1007228.s011){ref-type="supplementary-material"}). The larger RMSDs of the ligand-free systems are consistent with the observation that TLR4-MD2 does not form stable tetramer under physiological concentration.

TLR4 has been an extensively studied system. Recent computational studies included molecular dynamics simulations of de Aguiar et al. \[[@pcbi.1007228.ref042]\] on the human TLR4 complex (PDB code 3FXI) using GROMOS53a6 force field. A highly dynamic (TLR4-MD2-LPS)~2~ complex was observed in their 100 ns simulations with an overall RMSD ranged from about 8 Å to about 12 Å. These are significantly larger than what we observed in our simulations, even though their simulations were more than an order of magnitude shorter than ours. In another recent study, Anwar and Choi \[[@pcbi.1007228.ref043]\] also studied the dynamics of wild-type (PDB code 3FXI) and mutated (4G8A) human TLR4-MD2-LPS complexes by 200 ns simulations using the AMBER99SB-ILDN force field parameters. Their observed RMSDs were on the order of 3.5 Å, considerably larger than what we observed in our TLR4-MD2-LPS simulations, even though our simulation times were six times as long, and larger than most of what we observed in this study, and comparable to the level we observed in the ligand-free complex. In fact, in our simulations, the average C~α~ RMSD of TLR4-MD2-LPS complex was 2.5 Å, the smallest among all four complexes we studied and notably smaller than those observed by Anwar and Choi. Thus, our simulations indicate a considerably more stable TLR4-MD2-LPS complex than what Anwar and Choi observed. Paramo et al. \[[@pcbi.1007228.ref044]\] also performed 100 ns simulations and noticed that MD2 is highly flexible. In our case, the MD2 structures were well-maintained.

Analysis of binding free energies {#sec004}
---------------------------------

The tetramer (TLR4-MD2)~2~ complex is organized as a dimer of two symmetric TLR4-MD2 heterodimers ([Fig 1A](#pcbi.1007228.g001){ref-type="fig"}). For clarity, we denote the four monomers in the tetramer as TLR4, MD2, TLR4\*, and MD2\* in which TLR4 and MD2 form a heterodimer and TLR4\* and MD2\* form the other heterodimer. Since the two MD2 subunits in the tetramer are not in direct contacts, there are three distinct dimer interfaces between the monomers in the complex, namely, TLR4/MD2 (and its symmetry-related image TLR4\*/MD2\*), TLR4/TLR4\*, and TLR4/MD2\* (and its symmetry-related image TLR4\*/MD2) ([Fig 1](#pcbi.1007228.g001){ref-type="fig"}). We evaluated the binding free energies of all these interfaces as well as that of the (TLR4-MD2)/(TLR4\*-MD2\*) interface ([Fig 1A](#pcbi.1007228.g001){ref-type="fig"}) with both molecular mechanics generalized Born surface area (MM-GBSA) and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) methods (Tables [1](#pcbi.1007228.t001){ref-type="table"}, [2](#pcbi.1007228.t002){ref-type="table"} and [S2](#pcbi.1007228.s012){ref-type="supplementary-material"}--[S7](#pcbi.1007228.s017){ref-type="supplementary-material"}). A total of 4000 frames for each system were used in the free energy calculations (1000 frames from the last 1.0 μs of each MD trajectory with an interval of 1.0 ns). The binding free energies averaged over the individual trajectories are listed in [S2](#pcbi.1007228.s012){ref-type="supplementary-material"}--[S6](#pcbi.1007228.s016){ref-type="supplementary-material"} Tables and their averages of different trajectories are listed in [Table 1](#pcbi.1007228.t001){ref-type="table"}; the negative values are a favorable free energy, while positive values are an unfavorable. Similarly, the (TLR4-MD2)/(TLR4\*-MD2\*) binding free energies of the individual trajectories are in [S7 Table](#pcbi.1007228.s017){ref-type="supplementary-material"} and the averages over different trajectories are in [Table 2](#pcbi.1007228.t002){ref-type="table"}. There is a good agreement between binding free energies Δ*G* estimated by MM-GBSA and MM-PBSA methods and same trends are observed in both methods when comparing free energies of the ligand-free and ligand-bound complexes in these interfaces. We will focus our discussions based on the MM-PBSA results.

![The Illustration of the dimer interfaces in the free energy calculations.\
**a)** (TLR4-MD2)/(TLR4\*-MD2\*), **b)** TLR4/MD2, **c)** TLR4/TLR4\*, and **d)** TLR4/MD2\* interface. The TLR4 and MD2 are colored in blue, and TLR4\* and MD2\* are colored in red. Displayed images were created with UCSF Chimera software \[[@pcbi.1007228.ref063]\].](pcbi.1007228.g001){#pcbi.1007228.g001}
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###### The binding free energies (Δ*G*) in kcal/mol at the five interfaces computed by both molecular mechanics generalized Born surface area (MM-GBSA) and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) methods.

These interfaces are TLR4/MD2 (and its symmetry-related image TLR4\*/MD2\*), TLR4/TLR4\*, and TLR4/MD2\* (and its symmetry-related images TLR4\*/MD2). The free energies in each of the ligand-free TLR4-MD2 heterodimer, (TLR4-MD2)~2~ tetramer, lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and neoseptin3-bound (TLR4-MD2)~2~ tetramer complexes are averaged over the average of their 4 different trajectories consisting of overall 4000 frames. A negative value is a favorable free energy, while a positive value is an unfavorable. The values in parenthesis are standard deviation. Δ*E*~*MM*~ is molecular mechanics free energy which is divided into Δ*E*~*ele*~ and Δ*E*~*vdw*~ representing the contributions from the electrostatic and van der Waals interactions, respectively. Δ*G*~*sol*~ is solvation free energy expressed by Δ*G*~*pol*~ and Δ*G*~*nonpol*~, the polar and non-polar contributions, respectively.
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                               Generalized Born (GB)   Poisson-Boltzmann (PB)                                                                                         
  ---------------------------- ----------------------- ------------------------ ----------------- --------------- ----------------- ----------------- --------------- ----------------
  **TLR4/MD2 Interface**                                                                                                                                              
  TLR4-MD2                     -605.08 (25.29)         -127.33 (7.47)           636.34 (29.97)    -20.18 (1.43)   -116.23 (9.82)    622.87 (30.70)    -14.99 (0.88)   -124.51 (3.39)
  (TLR4-MD2)~2~                -576.73 (35.41)         -103.29 (3.01)           593.37 (27.83)    -16.66 (0.72)   -103.28 (11.80)   582.83 (33.70)    -11.89 (0.24)   -109.06 (6.36)
  (TLR4-MD2-LPS)~2~            -581.94 (18.00)         -116.00 (3.05)           610.25 (14.12)    -18.56 (0.61)   -106.23 (7.88)    600.95 (16.59)    -13.18 (0.30)   -110.15 (5.74)
  (TLR4-MD2-neoseptin3)~2~     -482.09 (28.67)         -108.23 (2.97)           505.75 (29.02)    -16.79 (0.24)   -101.35 (3.77)    491.42 (29.40)    -11.68 (0.09)   -110.57 (3.13)
  **TLR4\*/MD2\* Interface**                                                                                                                                          
  (TLR4-MD2)~2~                -444.92 (43.23)         -100.61 (5.29)           473.45 (38.53)    -15.74 (0.90)   -87.80 (8.07)     458.60 (39.29)    -11.62 (0.36)   -98.53 (4.82)
  (TLR4-MD2-LPS)~2~            -561.04 (15.54)         -116.12 (3.18)           588.92 (8.40)     -18.31 (0.40)   -106.54 (5.70)    575.68 (10.43)    -12.77 (0.28)   -114.24 (3.60)
  (TLR4-MD2-neoseptin3)~2~     -520.02 (46.96)         -107.71 (1.39)           543.03 (42.85)    -16.82 (0.57)   -101.50 (6.12)    526.70 (43.23)    -11.88 (0.44)   -112.90 (5.79)
  **TLR4/TLR4\* Interface**                                                                                                                                           
  (TLR4-MD2)~2~                -125.77 (80.25)         -42.38 (7.92)            158.01 (83.08)    -7.56 (1.59)    -17.67 (7.24)     134.62 (84.09)    -6.35 (1.34)    -39.85 (5.01)
  (TLR4-MD2-LPS)~2~            242.32 (15.64)          -69.91 (4.84)            -163.36 (18.11)   -9.40 (0.86)    -0.35 (3.94)      -190.45 (17.64)   -8.61 (0.59)    -26.65 (4.01)
  (TLR4-MD2-neoseptin3)~2~     242.08 (34.40)          -81.08 (8.24)            -161.06 (38.64)   -10.48 (1.64)   -10.53 (5.54)     -189.76 (37.83)   -9.00 (1.20)    -37.76 (6.70)
  **TLR4/MD2\* Interface**                                                                                                                                            
  (TLR4-MD2)~2~                -34.85 (28.56)          -40.48 (10.29)           60.34 (29.32)     -5.43 (1.26)    -20.41 (6.64)     50.00 (29.75)     -5.08 (1.16)    -30.40 (6.14)
  (TLR4-MD2-LPS)~2~            -167.40 (65.22)         -74.10 (2.61)            208.88 (53.56)    -9.95 (0.36)    -42.54 (11.17)    203.08 (51.21)    -7.99 (0.23)    -46.38 (14.46)
  (TLR4-MD2-neoseptin3)~2~     -120.33 (58.50)         -75.74 (4.41)            160.46 (51.20)    -9.85 (0.84)    -45.44 (10.86)    152.70 (50.86)    -7.74 (0.51)    -51.10 (10.26)
  **TLR4\*/MD2 Interface**                                                                                                                                            
  (TLR4-MD2)~2~                -117.32 (14.28)         -52.39 (9.84)            152.39 (16.31)    -7.05 (1.26)    -24.35 (6.36)     140.81 (17.21)    -6.44 (1.05)    -35.32 (5.22)
  (TLR4-MD2-LPS)~2~            -173.90 (67.59)         -73.27 (4.63)            212.96 (55.82)    -9.77 (1.14)    -43.96 (15.91)    204.46 (54.31)    -7.86 (0.66)    -50.56 (17.49)
  (TLR4-MD2-neoseptin3)~2~     -175.57 (33.84)         -77.57 (9.59)            215.18 (25.08)    -10.30 (1.19)   -48.24 (5.13)     203.74 (25.37)    -8.06 (0.70)    -57.44 (3.98)

❖ The four monomers in the tetramers are denoted as TLR4, MD2, TLR4\*, and MD2\* in which TLR4 and MD2 form a heterodimer and TLR4\* and MD2\* form the other heterodimer.

10.1371/journal.pcbi.1007228.t002

###### The binding free energies (Δ*G*) in kcal/mol between TLR4-MD2 and TLR4\*-MD2\* at the (TLR4-MD2)/(TLR4\*-MD2\*) interface computed by both molecular mechanics generalized Born surface area (MM-GBSA) and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) methods.

The free energies in each of the ligand-free (TLR4-MD2)~2~ tetramer, lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and neoseptin3-bound (TLR4-MD2)~2~ tetramer complexes are averaged over the average of their 4 different trajectories consisting of overall 4000 frames. A negative value is a favorable free energy, while a positive value is an unfavorable. The values in parenthesis are standard deviation. Δ*E*~*MM*~ is molecular mechanics free energy which is divided into Δ*E*~*ele*~ and Δ*E*~*vdw*~ representing the contributions from the electrostatic and van der Waals interactions, respectively. Δ*G*~*sol*~ is solvation free energy expressed by Δ*G*~*pol*~ and Δ*G*~*nonpol*~, the polar and non-polar contributions, respectively.

![](pcbi.1007228.t002){#pcbi.1007228.t002g}

                                            Generalized Born (GB)   Poisson-Boltzmann (PB)                                                                                       
  ----------------------------------------- ----------------------- ------------------------ ---------------- --------------- ----------------- ---------------- --------------- -----------------
  **(TLR4-MD2)/(TLR4\*-MD2\*) Interface**                                                                                                                                        
  (TLR4-MD2)~2~                             -278.97 (63.65)         -135.26 (23.46)          370.21 (70.03)   -20.04 (3.29)   -64.04 (12.45)    327.11 (73.18)   -17.88 (2.82)   -104.98 (9.45)
  (TLR4-MD2-LPS)~2~                         -96.35 (96.03)          -217.32 (8.54)           252.09 (79.06)   -29.06 (1.60)   -90.63 (19.49)    214.67 (71.48)   -24.23 (1.00)   -123.22 (26.33)
  (TLR4-MD2-neoseptin3)~2~                  -43.43 (71.02)          -234.42 (13.96)          202.22 (64.14)   -30.62 (2.40)   -106.24 (12.67)   157.17 (61.25)   -24.78 (1.34)   -145.44 (13.76)

❖ The four monomers in the tetramers are denoted as TLR4, MD2, TLR4\*, and MD2\* in which TLR4 and MD2 form a heterodimer and TLR4\* and MD2\* form the other heterodimer.

Compared to the TLR4/MD2 and TLR4\*/MD2\* interfaces in tetramer simulations, the TLR4/MD2 interface ([Fig 1B](#pcbi.1007228.g001){ref-type="fig"}) in the heterodimer TLR4-MD2 simulations was the most stable, as judged by its most favorable binding free energy of Δ*G*~*PB*~ = -124.51±3.39 kcal/mol which was more than -10 kcal/mol more stable than the TLR4/MD2 and TLR4\*/MD2\* interfaces observed in the tetramers as shown in Tables [1](#pcbi.1007228.t001){ref-type="table"}, [S2](#pcbi.1007228.s012){ref-type="supplementary-material"} and [S3](#pcbi.1007228.s013){ref-type="supplementary-material"}. When bound to the ligands, the binding free energies of the heterodimer TLR4/MD2 and TLR4\*/MD2\* interfaces in (TLR4-MD2-LPS)~2~ tetramer are Δ*G*~*PB*~ = -110.15±5.74 and -114.24±3.60 kcal/mol, respectively. In (TLR4-MD2-neoseptin3)~2~ tetramer, they are Δ*G*~*PB*~ = -110.57±3.13 and -112.90±5.79 kcal/mol, respectively. In the absence of ligands, binding free energies of the same interfaces in the ligand-free tetramer (TLR4-MD2)~2~ are Δ*G*~*PB*~ = -109.06±6.36 and -98.53±4.82 kcal/mol, respectively. In fact, the binding free energies of the heterodimer TLR4/MD2 interface remain essentially the same in all three tetramer (TLR4-MD2)~2~ complexes, regardless of ligand-binding state. The same trend is observed with Δ*G*~*GB*~. Consistently, the heterodimer TLR4/MD2 interface is notably weakened by formation of the tetramer complex, irrespective to the binding of ligands or not. In fact, binding of ligands or not has no significant effect to this particular interface.

The interface between the two heterodimers (TLR4-MD2) and (TLR4\*-MD2\*) can be viewed as three separate interfaces: TLR4/TLR4\*, TLR4/MD2\*, and TLR4\*/MD2. Among them, the TLR4/MD2\* and TLR4\*/MD2 are symmetry-related. Ligand binding has mixed effects to the TLR4/TLR4\* interface; it is notably weakened in (TLR4-MD2-LPS)~2~ by 13 kcal/mol and slightly weakened in (TLR4-MD2-neoseptin3)~2~ by about 2.0 kcal/mol (Tables [1](#pcbi.1007228.t001){ref-type="table"} and [S4](#pcbi.1007228.s014){ref-type="supplementary-material"}).

On the other hand, ligand binding makes the TLR4/MD2\* and its symmetry-related image TLR4\*/MD2 interfaces consistently more favorable (Tables [1](#pcbi.1007228.t001){ref-type="table"}, [S5](#pcbi.1007228.s015){ref-type="supplementary-material"} and [S6](#pcbi.1007228.s016){ref-type="supplementary-material"}). Relative to the ligand-free complex, binding of LPS and neoseptin3 strengthened the TLR4/MD2\* interface by -16 kcal/mol (LPS) to -21 kcal/mol (neoseptin3) and the TLR4\*/MD2 interface by -15 kcal/mol (LPS) to -22 kcal/mol (neoseptin3). If we add these terms together, the combined contribution of TLR4/MD2\*, TLR4\*/MD2, and TLR4/TLR4\* interfaces in each complex would have made the (TLR4-MD2)/(TLR4\*-MD2\*) binding more favorable by -18.8 kcal/mol and -39.3 kcal/mol, for (TLR4-MD2-LPS)~2~ and (TLR4-MD2-neoseptin3)~2~, respectively. Indeed, the (TLR4-MD2)/(TLR4\*-MD2\*) interface in the ligand-bound complexes was also significantly stronger than in the ligand-free complex (Tables [2](#pcbi.1007228.t002){ref-type="table"} and [S7](#pcbi.1007228.s017){ref-type="supplementary-material"}) and was -18.2 kcal/mol more favorable in (TLR4-MD2-LPS)~2~ complex and -40.5 kcal/mol in (TLR4-MD2-neoseptin3)~2~; both are close to their respective calculated binding free energies by addition of binding free energy of the individual interfaces. Thus, the calculation suggests that the binding effects of the ligands LPS and neoseptin3 in (TLR4-MD2)/(TLR4\*-MD2\*) are primarily additive. This is understandable because these interfaces are spatially separated. Judging from the fact that binding of the ligands makes the TLR4/MD2\* and TLR4\*/MD2 significantly stronger by -15 (LPS) to -22 (neoseptin3) kcal/mol and has minor effect on the TLR4/TLR4\* interface, we conclude that binding of LPS or neoseptin3 stabilizes tetramer (TLR4-MD2)~2~ complex primarily by inducing stronger binding at the TLR4/MD2\* and TLR4\*/MD2 interfaces.

It is also interesting to note that the TLR4/MD2\* and TLR4\*/MD2 interfaces are stronger when bound to neoseptin3 than LPS. As a consequence, the (TLR4-MD2)/(TLR4\*-MD2\*) interface is notably stronger in neoseptin3 complex than in LPS complex. Remarkably, this is achieved in neoseptin3 with minor changes to the binding free energy at the TLR4/TLR4\* interface (weakened by 2 kcal/mol) whereas the same interface was weakened by more than 13 kcal/mol in LPS complex (Tables [1](#pcbi.1007228.t001){ref-type="table"} and [S4](#pcbi.1007228.s014){ref-type="supplementary-material"}).

Binding of two constituents often involves formation of contacts and loss of solvent-exposed surface areas. This can be evaluated by decomposing the free energies into two, often compensating contributions: interaction energy and desolvation free energy. In the absence of ligands, the TLR4/TLR4\* interface has favorable interaction energy of -168 kcal/mol, dominated by the strong electrostatic energy of -126 kcal/mol ([Table 1](#pcbi.1007228.t001){ref-type="table"}). This favorable interaction energy is compensated by 128 kcal/mol desolvation free energy ([Table 1](#pcbi.1007228.t001){ref-type="table"}), indicating that formation of TLR4/TLR4\* interface, in the absence of ligands, is primarily driven by enthalpy, mainly the electrostatic force. In contrast, compared to the tetramer without the ligands, both LPS and neoseptin3 increases the electrostatic interaction energies about 368 kcal/mol at the TLR4/TLR4\* interface ([Table 1](#pcbi.1007228.t001){ref-type="table"}). Those unfavorable interaction energies were compensated by the favorable solvation free energies by -327 kcal/mol in both cases, compared to the ligand-free tetramer ([Table 1](#pcbi.1007228.t001){ref-type="table"}). Therefore, with the ligands, formation of the TLR4/TLR4\* interface is driven primarily by desolvation and burial of hydrophobic surface, much more so than in the ligand-free tetramer.

The TLR4/MD2\* interface has more favorable interaction energies (-166 kcal/mol with LPS and -121 kcal/mol with neoseptin3) than the apo complex without ligands and the solvation free energies are unfavorable by 150 kcal/mol with LPS and 100 kcal/mol with neoseptin3, compared to the ligand-free tetramer ([Table 1](#pcbi.1007228.t001){ref-type="table"}). Similarly, the TLR4\*/MD2 interface has more favorable interaction energies (-77 kcal/mol with LPS and -83 kcal/mol with neoseptin3) than the apo complex and unfavorable solvation free energies (62.23 and 61.31 kcal/mol for LPS- and neoseptin3-bound tetramers, respectively) ([Table 1](#pcbi.1007228.t001){ref-type="table"}). It is interesting to note that, despite the large differences in the interaction energies between the two interfaces, the binding free energies are remarkably consistent. The stronger interaction energies indicate that, unlike the other two interfaces, binding of LPS and neoseptin3 makes the TLR4/MD2\* and TLR4\*/MD2 interfaces more energetically favorable. More specifically, formation of TLR4/MD2\* and TLR4\*/MD2 interfaces is driven by electrostatics and disfavored by solvation.

Key residues on interfaces identified from per-residue free energy decomposition {#sec005}
--------------------------------------------------------------------------------

To provide a qualitative assessment on the key residues with most contributions in the complex and dimer formation, we decomposed the binding free energies into per-residue contribution for all monomers, TLR4, MD2 ([Fig 2](#pcbi.1007228.g002){ref-type="fig"}), TLR4\*, and MD2\*, for interfaces in all the 4 systems. The residues with binding free energy contributions lower than -2.0 kcal/mol and greater than 2 kcal/mol are identified as key (favorable) residues and unfavorable residues, respectively, and are listed in Tables [3](#pcbi.1007228.t003){ref-type="table"}, [S8](#pcbi.1007228.s018){ref-type="supplementary-material"} and [S9](#pcbi.1007228.s019){ref-type="supplementary-material"}. Figs [3](#pcbi.1007228.g003){ref-type="fig"} and [S1](#pcbi.1007228.s001){ref-type="supplementary-material"}--[S9](#pcbi.1007228.s009){ref-type="supplementary-material"} show the per-residue binding free energy contributions with the key residues highlighted in the respective structures.

![The structure of mouse MD2 in the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer complex.\
**a)** The residue sequences of MD2 and the residues within secondary structures of β-sheet and helix are colored in yellow and cyan shadow respectively. The C strand in the neoseptin3-bound complex starts at residue S~45~. In the ligand-free complex: the A strand ends at S~27~, the C strand starts at S~45~, the D strand starts at T~57~, the F and G strands are combined together as one strand (i.e., I~85~ to V~93~), the H strand ends at F~121~, and the I strand starts at C~133~. **b)** The three-dimensional crystal structure of MD2. The secondary structures of β-sheet and helix are colored in yellow and cyan respectively.](pcbi.1007228.g002){#pcbi.1007228.g002}

![The per residue free energy contribution spectrums of TLR4 and MD2\* in the TLR4/MD2\* interface.\
**a)** the ligand-free (TLR4-MD2)~2~ tetramer, **b)** the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and **c)** the neoseptin3-bound (TLR4-MD2)~2~ tetramer complex. Only the binding areas are shown with standard errors as red bars, estimated as standard deviation divided by square root of 1000.](pcbi.1007228.g003){#pcbi.1007228.g003}

10.1371/journal.pcbi.1007228.t003

###### The key residues of TLR4 and MD2 identified by per-residue free energy decomposition (kcal/mol) in the TLR4/MD2\* and TLR4\*/MD2 interfaces of the ligand-free (TLR4-MD2)~2~ tetramer, lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and neoseptin3-bound (TLR4-MD2)~2~ tetramer complexes.

The values are averaged over the 1000 frames of the combined 4 trajectories of each system. A negative value is a favorable free energy, while a positive value is an unfavorable.

![](pcbi.1007228.t003){#pcbi.1007228.t003g}

                         Complex                                                          
  ------------ --------- ------------ ------------ ------------ ------------ ------------ ------------
  Monomer      Residue   TLR4/MD2\*   TLR4\*/MD2   TLR4/MD2\*   TLR4\*/MD2   TLR4/MD2\*   TLR4\*/MD2
  TLR4         M417      0.00         0.00         -1.84        -1.80        -2.03        -3.14
  L442         0.00      0.00         -2.07        -2.26        -2.15        -2.24        
  F461         -0.01     -0.01        -2.12        -2.30        -2.41        -2.31        
  W511         -0.81     -2.08        -0.01        -0.01        -0.01        -0.01        
  F532         -2.22     -2.02        0.00         0.00         0.00         0.00         
  R584         -5.02     -3.52        -0.02        0.00         -0.03        -0.02        
  MD2          R55       -0.46        -0.59        -0.80        -0.82        -0.71        -3.21
  I85          -4.05     -3.95        -1.91        -2.12        -2.20        -2.05        
  L87          -1.33     -1.90        -2.77        -2.56        -2.24        -2.74        
  P88          -1.60     -1.61        -2.26        -2.85        -2.90        -2.22        
  R90          -0.94     -1.13        -3.31        -4.40        -4.15        -3.57        
  I124         -0.52     -1.55        -2.40        -2.89        -2.37        -3.16        
  L125         -1.05     -2.00        -2.61        -2.99        -2.71        -3.78        
  F126         -0.94     -1.59        -0.38        -0.48        -0.20        -0.22        
  P127         -0.18     -0.25        -2.23        -2.17        -1.60        -1.47        
  K128         -1.14     -0.56        -1.10        -1.07        -1.10        -1.35        
  H155         0.34      -0.05        -0.07        -0.08        -0.08        -0.13        
  Ligand       LPS       --           --           -4.75        -4.90        --           --
  neoseptin3   --        --           --           --           -4.86        -4.47        

❖ The four monomers in the tetramers are denoted as TLR4, MD2, TLR4\*, and MD2\* in which TLR4 and MD2 form a heterodimer and TLR4\* and MD2\* form the other heterodimer.

A remarkable similarity is observed in the TLR4/MD2 interface. Across all four complexes, including the heterodimer TLR4-MD2, the interaction patterns are remarkably similar ([S1 Fig](#pcbi.1007228.s001){ref-type="supplementary-material"}). The similarity extends to the symmetry-related TLR4\*/MD2\* interface ([S3 Fig](#pcbi.1007228.s003){ref-type="supplementary-material"}). In all 7 cases ([S1](#pcbi.1007228.s001){ref-type="supplementary-material"} and [S3](#pcbi.1007228.s003){ref-type="supplementary-material"} Figs), those contributed the most favorably are essentially the same set of residues and those contributed the most unfavorably are also essentially the same. For example, the most favorable contribution on the TLR4 side comes from R~337~ in all cases. On the MD2 side, the most favorable contributions come from S~103~ and R~106~ in all cases. The most unfavorable contributions are from D~264~ and E~265~ on the TLR4 side and D~99~, D~101~, and E~111~ on the MD2 side. These key residues form two patches on the concave side of TLR4 ([S2](#pcbi.1007228.s002){ref-type="supplementary-material"} and [S4](#pcbi.1007228.s004){ref-type="supplementary-material"} Figs); one is around R~337~ and the other smaller patch is around T~109~. On MD2, most of the key residues are on the helix and its adjacent loops with a small patch around R~68~.

In the TLR4/TLR4\* interface, largely due to the fact that ligand binding changes the TLR4/TLR4\* interface, there are obvious differences between the ligand-free and ligand-bound complexes whereas the two ligand-bound complexes are themselves similar ([S5 Fig](#pcbi.1007228.s005){ref-type="supplementary-material"}). There is also similarity between the two TLR4 monomers in all systems. In the ligand-free complex, the most favorable contributions come from K~433~ and R~434~. But in ligand-bound complexes, K~433~ is one of the two residues that make significant unfavorable contribution (the other is E~507~).

One of the profound changes to the (TLR4-MD2)~2~ tetramer complex upon binding to LPS or neoseptin3 is the significant shift of the binding interface between TLR4 and MD2\* as well as the symmetry image TLR4\* and MD2. This is clearly shown from the pre-residue binding free energy contributions. In the ligand-free tetramer, (TLR4-MD2)~2~, interactions are primarily around F~532~ and R~584~ of TLR4 between TLR4 and MD2\* ([Fig 3](#pcbi.1007228.g003){ref-type="fig"}) as well as between TLR4\* and MD2 ([S8 Fig](#pcbi.1007228.s008){ref-type="supplementary-material"}). In the ligand-bound tetramers, however, neither F~532~ nor R~584~ makes significant contribution ([Fig 3](#pcbi.1007228.g003){ref-type="fig"} and [Table 3](#pcbi.1007228.t003){ref-type="table"}). Instead, the most favorable contributions come from M~417~, L~442~, and F~461~ of TLR4 ([Fig 3](#pcbi.1007228.g003){ref-type="fig"}). Interestingly, the changes on the MD2 side is notably less profound and the residues that make the most favorable contributions form two patches in all three complexes, with the primary patch around I~85~/I~87~ and minor patch around I~124~/L~125~. These residues are located at the entrance of ligand binding pocket of MD2 ([S7 Fig](#pcbi.1007228.s007){ref-type="supplementary-material"}). Together, with either LPS or neoseptin3, they form a large patch. In the absence of ligand, the patch is no longer contiguous and the binding affinity is reduced. An exception is F~126~ which has much larger contribution in the ligand-free tetramer than in the ligand-bound tetramers ([Fig 3](#pcbi.1007228.g003){ref-type="fig"} and [Table 3](#pcbi.1007228.t003){ref-type="table"}).

Not surprisingly, both LPS and neoseptin3 contribute to TLR4/MD2\* and TLR4\*/MD2 the most. Each of them contributes favorably to formation of these interfaces by -4.5 to -4.9 kcal/mol ([Table 3](#pcbi.1007228.t003){ref-type="table"}) by forming direct contacts with TLR4. Furthermore, the interaction between LPS and TLR4 is driven favorably by the electrostatic and van der Waals forces that are compensated by unfavorable desolvation. In the neoseptin3 complex, each MD2 binds to two neoseptin3s. The contacts between neoseptin3 and TLR4 are also driven by favorable electrostatic and van der Waals forces with desolvation disfavors binding.

The MD2 is a β-cup protein and its large central cavity is highly hydrophobic ([Fig 4A](#pcbi.1007228.g004){ref-type="fig"}). In the LPS complex, the central cavity is fully occupied by the hydrophobic tails of LPS with its phosphate head groups forming contact with TLR4 ([Fig 4B](#pcbi.1007228.g004){ref-type="fig"}). In neoseptin3 complex, this cavity is partially filled by two neoseptin3 molecules ([Fig 4C](#pcbi.1007228.g004){ref-type="fig"}). Thus, to enhance its potency, a potential avenue to explore is to design a compound that can fully fill the cavity with the exposed surface that complements TLR4 convex surface.

![Illustration of key residues of MD2 in the TLR4/MD2\* and TLR4\*/MD2 interfaces.\
**a**) the ligand-free (TLR4-MD2)~2~ tetramer, **b)** the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and **c)** the neoseptin3-bound (TLR4-MD2)~2~ tetramer complex. MD2 are shown in surface. LPS and neoseptin3 are shown in sticks. F~126~ and H~155~ are colored in orange and magenta, respectively. I~85~, L~87~, P~88~, R~90~, I~124~, L~125~, P~127~, K~128~ are colored by elements (red: oxygen; blue: nitrogen; gray: carbon) and the remaining residues of MD2 are colored in light gray. Displayed images were created with UCSF Chimera software \[[@pcbi.1007228.ref063]\].](pcbi.1007228.g004){#pcbi.1007228.g004}

In their X-ray crystallography and mutagenesis studies, Kim et al. \[[@pcbi.1007228.ref045]\] found that F~126~ and H~155~ play important roles in tetramer formation. In our calculation, F~126~ in the ligand-free tetramer contributes -0.94 kcal/mol in TLR4/MD2\* and -1.59 kcal/mol in TLR4\*/MD2 interfaces and H~155~ contributes 0.34 kcal/mol in TLR4/MD2\* and -0.05 kcal/mol in TLR4\*/MD2 ([Table 3](#pcbi.1007228.t003){ref-type="table"}). Thus, indeed, F~126~ plays important role in tetramer formation in the absence of ligands. However, with the ligands, contributions from F~126~ is significantly reduced. In the LPS-bound tetramer, F~126~ contributes only -0.38 kcal/mol in TLR4/MD2\* and -0.48 kcal/mol in TLR4\*/MD2 interface and H~155~ contributes only -0.07 kcal/mol in TLR4/MD2\* and -0.08 kcal/mol in TLR4\*/MD2 interface ([Table 3](#pcbi.1007228.t003){ref-type="table"}), largely negligible. Similarly, in the neoseptin3-bound tetramer, contributions from F~126~ are -0.20 and -0.22 kcal/mol in TLR4/MD2\* and TLR4\*/MD2 interfaces, respectively and contributions from H~155~ are -0.08 and -0.13 kcal/mol in TLR4/MD2\* and TLR4\*/MD2 interfaces, respectively ([Table 3](#pcbi.1007228.t003){ref-type="table"}). Thus, neither F~126~ nor H~155~ plays significant roles in formation of LPS-bound and neoseptin3-bound tetramer complexes. In fact, as shown in [Fig 4](#pcbi.1007228.g004){ref-type="fig"}, F~126~ is exposed without the ligands and can form contact with TLR4 across the subunits ([Fig 4A](#pcbi.1007228.g004){ref-type="fig"}), but is buried in both LPS-bound and neoseptin3-bound structures ([Fig 3B and 3C](#pcbi.1007228.g003){ref-type="fig"}). Therefore, our calculations are consistent with the X-ray structures. Instead, four neighboring residues, I~124~, L~125~, P~127~, and K~128~, are notably more exposed than F~126~ in the ligand-bound tetramers and have the potential to make significant contributions in tetramer formation. Indeed, in the ligand-free tetramer they contribute only -0.52, -1.05, -0.18, -1.14 kcal/mol, respectively, in the TLR4/MD2\* interface and -1.55, -2.00, -0.25, -0.56 kcal/mol, respectively, in the TLR4\*/MD2 ([Table 3](#pcbi.1007228.t003){ref-type="table"}). In LPS-bound tetramer, their contributions increased substantially to -2.40, -2.60, -2.23, -1.10 kcal/mol, respectively, in the TLR4/MD2\* interface, and -2.89, 2.98, -2.17, -1.06 kcal/mol, respectively, in the TLR4\*/MD2 ([Table 3](#pcbi.1007228.t003){ref-type="table"}).

On the other hand, the movement of F~126~ has been proposed as having significant functional implication. Indeed, in the ligand-free tetramer, F~126~ is exposed, can form direct contacts with TLR4 and facilitate tetramer formation whereas P~127~ is buried behind F~126~ ([Fig 4](#pcbi.1007228.g004){ref-type="fig"}). However, in LPS-bound and neoseptin3-bound tetramers, F~126~ forms close contacts with LPS and neoseptin3 and becomes completely buried. Instead, P~127~ becomes fully exposed, allowing formation of direct contacts with TLR4. Other notable structural changes include more exposure of I~124~ and L~125~. These three residues, I~124~, L~125~, P~127~, together contributes -7.2 to -8.1 kcal/mol free energy in LPS-bound complex and -6.7 to -8.4 kcal/mol in neoseptin3 complex in favor of tetramer formation ([Table 3](#pcbi.1007228.t003){ref-type="table"}). Therefore, the hydrophobic I~124~-L~125~-P~127~ cluster is activated only when MD2 is bound to either LPS or neoseptin3.

In addition to the cluster formed by I~124~-L~125~-P~127~, interaction between MD2 and the convex surface of TLR4 is also facilitated by the cluster of I~85~-L~87~-P~88~-R~90~. In particular, I~85~ plays key roles in both the ligand-free and the ligand-bound complexes ([Fig 3](#pcbi.1007228.g003){ref-type="fig"} and [Table 3](#pcbi.1007228.t003){ref-type="table"}). The structure of the cluster is highly preserved between these two states and remains essentially the same ([Fig 4](#pcbi.1007228.g004){ref-type="fig"}). In the ligand-free tetramer, I~85~-L~87~-P~88~ together contribute -7.0 to -7.5 kcal/mol ([Table 3](#pcbi.1007228.t003){ref-type="table"}). In LPS-bound and neoseptin3-bound tetramer, they together contribute -6.9 to -7.5 kcal/mol in LPS-bound complex and -7.0 to -7.3 kcal/mol in neoseptin3 complex ([Table 3](#pcbi.1007228.t003){ref-type="table"}), both are significantly more than their contributions to the ligand-free complex of -1.7 to -3.8 kcal/mol. Given its similar roles in ligand-free and in ligand-bound tetramers, we deduce that the I~85~-L~87~-P~88~-R~90~ cluster facilitates tetramer formation, regardless whether MD2 is bound to a ligand or not.

It is important to note that the largest contribution to the binding free energy comes from the ligands themselves. In the LPS-bound complex, the LPS contributes to TLR4/MD2\* and TLR4\*/MD2 interfaces by -4.75 and -4.90 kcal/mol, respectively ([Table 3](#pcbi.1007228.t003){ref-type="table"}). In neoseptin3 complex, its contributions are -4.86 and -4.47 kcal/mol ([Table 3](#pcbi.1007228.t003){ref-type="table"}). These are more than the contributions by any of the protein residues. Thus, we propose that direct contacts between TLR4 and LPS, or neoseptin3 plays critical roles in TLR4-MD2 tetramer formation.

Moreover, to find the key residues of MD2 involved in ligand (either LPS or neoseptin3) interactions, we computed binding free energies of MD2/ligand and MD2\*/ligand\* interfaces in the LPS-bound and neoseptin3-bound (TLR4-MD2)~2~ tetramers ([S10 Table](#pcbi.1007228.s020){ref-type="supplementary-material"} and [S10 Fig](#pcbi.1007228.s010){ref-type="supplementary-material"}). F~121~ of MD2 is a key residue in both the LPS- and neoseptin3-bound tetramers. While R~90~ is a favorable key residue in the LPS-bound tetramer, it is unfavorable by an increase of 2.47 kcal/mol in the neoseptin3-bound tetramer. P~118~ is also unfavorable in both tetramers.

In the MM-PBSA and MM-GBSA free energy calculations, the entropic contribution can be estimated by either normal mode analysis or principle component analysis. Due to the large size of the systems, calculation of normal modes is rather challenging. Accurate calculation of the full principle components also requires extensive sampling to obtain a reliable estimation of the covariance matrix. For systems like (TLR4-MD2)~2~ tetramer, involving more than 23,000 atoms, such a matrix is extremely difficult to obtain. Thus, our discussions are qualitative and are based on the interaction energy and the solvation free energy. Nevertheless, we note that, without considering the reduction of entropy due to binding, the calculation can significantly over-estimate the binding free energies. For TLR4, the principle components of C~α~ atoms can capture large scale collective motion and can be used to illustrate the entropic changes for TLR4. To this end, entropy of the TLR4 monomer from the TLR4-MD2 is -6.69756 kcal/mol/K. In tetramers, the TLR4 monomer entropy is -6.72551, -6.84351, -6.87256 kcal/mol/K, for ligand-free, LPS-bound, and neoseptin3-bound tetramers, respectively. Indeed, formation of tetramer reduces the entropy of TLR4 monomers. At 300K, these entropy changes, relative to TLR4 in TLR4-MD2 heterodimer, would weaken the binding free energy by 8.4, 43.8, and 52.5 kcal/mol, for ligand-free, LPS-bound, and neoseptin3-bound tetramers, respectively. Further reduction is expected when the dynamics of MD2, relative movement of the subunits, and dynamics of the side chains are taken into consideration.

On the other hand, the TLR4 entropies calculated from the C~α~ atom collective motion, shows that TLR4 in LPS-bound and neoseptin3-bound tetramers is significantly more ordered than in the ligand-free complex. This is noteworthy since all three tetramers have essentially identical TLR4-MD2 heterodimer structures in which MD2 binds to the concave surface of TLR4 and have highly similar interaction patterns. Therefore, simple volumetric effect is insufficient to explain the difference. We propose that the reduced TLR4 monomer entropy in LPS-bound and neoseptin3-bound tetramers is due to the strong interactions between MD2 and TLR4 at the convex face around L~442~ of TLR4. Thus, presence of LPS or neoseptin3 not only stabilizes TLR4/MD2\* and TLR4\*/MD2 interfaces by direct contacts between the ligands and TLR4, it also stabilizes TLR4 monomer structure.

Conclusion {#sec006}
----------

TLR4-MD2 signaling plays a major physiological role in a broad spectrum of disorders including autoimmune disorders, asthma, cancer, and cardiovascular diseases. Therefore, TLR4 and MD2 have emerged as validated anti-inflammatory drug targets for acute inflammatory diseases such as septic shock and acute lung injury \[[@pcbi.1007228.ref012]\] and have also been proposed as anti-cancer targets. However, several anti-inflammatory clinical trials failed due to the nonspecific binding, loss of *in vivo* antagonistic activity, poor pharmacokinetic properties and low solubility. Future development in this field will encompass resolving these challenges, and discovering novel TLR4 or/and MD2 modulators as inhibitors or vaccine adjuvants with minimal off-target effects through developing therapeutic peptidomimetic small molecules and monoclonal antibody treatments \[[@pcbi.1007228.ref046]\].

Rational design of TLR4 and/or MD2 agonists and antagonists has become a hot research topic with the wealth of the structure biology information. The relatively recent availability of the X-ray crystallographic structures of the extracellular domain of TLR4-MD2 has opened new perspectives to identify the precise binding sites for structure-based drug design \[[@pcbi.1007228.ref012], [@pcbi.1007228.ref047]\]. Molecular modeling and computational chemistry techniques can benefit from these structures to unravel atomic details about the molecular recognition mechanism of the receptor itself and also about the ligand-receptor interactions of diverse modulators.

In this work, the role of TLR4-MD2 ligands in structural stabilization and conformational changes leading to tetramer formation was studied by extensive MD simulations and free energy calculations. Key residues in tetramer formation were identified that form two clusters on the MD2 surface located on both sides outside the LPS-binding cavity. These two clusters play critical roles in tetramer formation. Among them, the I~85~-L~87~-P~88~ hydrophobic cluster forms contacts with TLR4 in both ligand-free and ligand-bound tetramers. Thus, it may not be directly related to ligand-binding and activation. On the other hand, the I~124~-L~125~-P~127~ hydrophobic cluster forms contacts with TLR4 in the ligand-bound tetramers only. In particular, this cluster is formed after burial of F~126~ triggered by binding of LPS or neoseptin3. Thus, we proposed that this cluster plays key roles in TLR4-MD2 binding and activation by stabilizing (TLR4-MD2)~2~ tetramer which, in turn, helps to initiate a transmembrane conformational change that triggers adapter recruitment and signaling. In addition to these two hydrophobic clusters, direct contacts between TLR4 convex surface near L~442~ and LPS and neoseptin3 also contribute significantly to the binding between TLR4 and MD2-ligand. These new findings shed new lights to the mechanism of activation of TLR4-MD2 and can be utilized to design novel therapeutics that alter the dynamics of the TLR4-MD2 signaling receptor. Moreover, they can guide future experimental and mutagenesis studies.

Methods {#sec007}
=======

TLR4 ectodomain models preparation {#sec008}
----------------------------------

The ligand-bound and ligand-free crystal structures of the extracellular domain of mouse TLR4 and its co-receptor protein (MD2) were retrieved from the Protein Data Bank (PDB; accession codes are 5IJB, 5IJC, and 5IJD \[[@pcbi.1007228.ref035]\], for the mouse ligand-free, neoseptin3--bound, and LPS-bound structures, respectively). The ligand-bound (TLR4-MD2-LPS)~2~ and (TLR4-MD2-neoseptin3)~2~ structures are heterotetramers composed by two symmetrical dimeric copies of the TLR4--MD2 complexes and the ligands arranged in a symmetrical fashion ([Fig 1](#pcbi.1007228.g001){ref-type="fig"}). Under physiological concentration, the ligand-free TLR4-MD2 forms a heterodimer. However, under elevated concentration, TLR4-MD2 can also form a stable tetramer. Simulations on both ligand-free heterodimer TLR4-MD2 and ligand-free tetramer (TLR4-MD2)~2~ were performed for comparison.

The AMBER FF14SB \[[@pcbi.1007228.ref048]\] force field parameters were used to represent the proteins; small molecules (like LPS and neoseptin3) were represented by GAFF \[[@pcbi.1007228.ref049]\] force field and the charges were generated using RESP approach \[[@pcbi.1007228.ref050]\] with HF/6-31G\* electrostatic potential after geometry optimization; polysaccharides were modeled using GLYCAM \[[@pcbi.1007228.ref051]\] force field. The prepared models and counter-ions (to neutralize the system) were solvated in a rectangular box filled with explicit TIP3P water \[[@pcbi.1007228.ref052]\]. With added counterions and water, the total system sizes were 223,350, 199,747, 209,125, and 117,233 atoms, for LPS-bound tetramer, neoseptin3-bound tetramer, ligand-free tetramer, and ligand-free TLR4-MD2 heterodimer, respectively.

Molecular dynamics (MD) simulations {#sec009}
-----------------------------------

Four simulation trajectories were conducted for each system and each trajectory was simulated to 1.2 μs, making a total of 19.2 μs. All MD simulations were conducted using AMBER16 suite \[[@pcbi.1007228.ref040]\] on nVidia graphics processing units (GPUs) \[[@pcbi.1007228.ref053]\]. The particle mesh Ewald (PME) \[[@pcbi.1007228.ref054]\] approach was employed for long-range electrostatics using a 10 Å cutoff distance for van der Waals interactions. Steepest descent and conjugate gradient minimization were performed. Each system was prepared for the production simulation by following three-stage equilibration process. During the first stage, velocities were randomly assigned at 10K and the systems were gradually heated to 300K in 10 steps (approximately 30K per step) in 50 ps under a constant volume (NVT) ensemble with a time step of 1.0 fs. During the second stage, the systems were further equilibrated for 500 ps with 1.0 fs time step in constant pressure ensemble (NPT) using the Berendsen barostat \[[@pcbi.1007228.ref055]\] under an isotropic pressure of 1.0 bar. In the third equilibration stage, the systems were further equilibrated by 200.0 ns MD simulations with a time step of 2.0 fs in constant pressure ensemble using the Monte-Carlo barostat at 1.0 bar and the temperature was maintained at 300 K. The production MD simulations were performed for 1.0 μs with simulation protocols identical to those used in the third equilibration stage. The SHAKE algorithm \[[@pcbi.1007228.ref056]\] was applied to constrain bond lengths to all hydrogen atoms to allow a 2.0 fs time step. Temperature was controlled by the Langevin thermostat method \[[@pcbi.1007228.ref057]\]. Four simulations were performed for each complex, differing only on the initial distribution of velocities, to allow scrutiny of the reproducibility of the results. Analyses on the trajectories were performed using CPPTRAJ \[[@pcbi.1007228.ref058]\] program and in-house scripts.

Free energy calculations {#sec010}
------------------------

The end-state binding free energies between the TLR4/MD2, TLR4/MD2\* (and their symmetry-related images TLR4\*/MD2\* and TLR4\*/MD2, respectively), TLR4/TLR4\*, and (TLR4-MD2)/(TLR4\*-MD2\*) interfaces ([Fig 1](#pcbi.1007228.g001){ref-type="fig"}) were estimated with both MM-GBSA and MM-PBSA methods using the parallelized python script *MMPBSA*.*py*.*MPI* \[[@pcbi.1007228.ref059]\] in Amber 16. A total of 4000 frames for each system were used in the free energy calculations (1000 frames from the last 1.0 μs of each MD trajectory with an interval of 1.0 ns). In these methods, the binding free energy (Δ*G*) can be represented as: $$\Delta G = \Delta E_{MM} + {\Delta G}_{sol} - T\Delta S$$ where Δ*E*~*mm*~ and *T*Δ*S* are the molecular mechanics free energy and the conformational entropy effect in the gas phase, respectively, and Δ*G*~*sol*~ is the solvation free energy. In our calculation, the entropy portion of the free energy was not considered due to the challenge to accurately calculate the entropy for such a large system and the fact we intend to provide a qualitative understanding of the system and focus on the difference between the systems. Δ*E*~*mm*~ can be further divided into two parts: $${\Delta E}_{MM} = {\Delta E}_{ele} + {\Delta E}_{vdw}$$ in which Δ*E*~*ele*~ and Δ*E*~*vdw*~ represent the contributions from the electrostatic and van der Waals interactions, respectively calculated based on the force field used in the MD simulations. The solvation free energy (Δ*G*~*sol*~) can be expressed as: $${\Delta G}_{sol} = {\Delta G}_{pol} + {\Delta G}_{nonpol}$$ where Δ*G*~*pol*~ and Δ*G*~*nonpol*~ are the polar and non-polar contributions to the solvation free energy, respectively. Δ*G*~*pol*~ is calculated using the Poisson--Boltzmann (PB) \[[@pcbi.1007228.ref060], [@pcbi.1007228.ref061]\] or modified Generalized Born (GB) model developed by Onufriev et al. \[[@pcbi.1007228.ref062]\]. Δ*G*~*nonpol*~ was estimated by: $${\Delta G}_{SA} = \gamma SASA + b$$ where the symbol *SASA* denotes the solvent accessible surface area which was computed using a probe radius of 1.4 Å. In this work, the values for *γ* and *b* were set to 0.005 kcal/(mol.Å^2^) and 0.0 kcal/mol, respectively. The per-residue based energy decomposition was performed to identify the key residues in each interface.

Supporting information {#sec011}
======================

###### The per residue energy contribution spectrums of TLR4 and MD2 in the TLR4/MD2 interface.

**a)** the ligand-free TLR4-MD2 hetero dimer, **b)** the (TLR4-MD2)~2~ tetramer, **c)** the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and **d)** the neoseptin3-bound (TLR4-MD2)~2~ tetramer complex. The favorable key residues (lower than -2 kcal/mol) and unfavorable residues (greater than 2 kcal/mol) are shown in black and blue, respectively.

(TIF)

###### 

Click here for additional data file.

###### Illustration of the key residues in the TLR4/MD2 interface.

**a)** the ligand-free TLR4-MD2 heterodimer, **b)** the (TLR4-MD2)~2~ tetramer, **c)** the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and **d)** the neoseptin3-bound (TLR4-MD2)~2~ tetramer complex. The favorable and unfavorable residues are colored in red and blue, respectively and the ligands (LPS or neoseptin3) are colored in yellow. The TLR4 and MD2 monomers are rotated for the best view.

(TIF)

###### 

Click here for additional data file.

###### The per residue energy contribution spectrums of TLR4\* and MD2\* in the TLR4\*/MD2\* interface.

**a)** the ligand-free (TLR4-MD2)~2~ tetramer, **b)** the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and **c)** the neoseptin3-bound (TLR4-MD2)~2~ tetramer complex. The favorable key residues (lower than -2 kcal/mol) and unfavorable residues (greater than 2 kcal/mol) are shown in black and blue, respectively.

(TIF)

###### 

Click here for additional data file.

###### Illustration of the key residues in the TLR4\*/MD2\* interface.

**a)** the ligand-free (TLR4-MD2)2 tetramer, **b)** the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and **c)** the neoseptin3-bound (TLR4-MD2)~2~ tetramer complex. The favorable and unfavorable residues are colored in red and blue, respectively and the ligands (LPS or neoseptin3) are colored in yellow. The TLR4\* and MD\*2 monomers are rotated for the best view.

(TIF)

###### 

Click here for additional data file.

###### The per residue energy contribution spectrums of TLR4 and TLR4\* in the TLR4/TLR4\* interface.

**a)** the ligand-free (TLR4-MD2)~2~ tetramer, **b)** the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and **c)** the neoseptin3-bound (TLR4-MD2)~2~ tetramer complex. The favorable key residues (lower than -2 kcal/mol) and unfavorable residues (greater than 2 kcal/mol) are shown in black and blue, respectively.

(TIF)

###### 

Click here for additional data file.

###### Illustration of the key residues in the TLR4/TLR4\* interface.

**a)** the ligand-free (TLR4-MD2)~2~ tetramer, **b)** the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and **c)** the neoseptin3-bound (TLR4-MD2)~2~ tetramer complex. The favorable and unfavorable residues are colored in red and blue, respectively. The TLR4\* monomer has been shown in a more transparent representation.

(TIF)

###### 

Click here for additional data file.

###### Illustration of the key residues in the TLR4/MD2\* interface.

**a)** the ligand-free (TLR4-MD2)~2~ tetramer, **b)** the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and **c)** the neoseptin3-bound (TLR4-MD2)~2~ tetramer complex. The favorable and unfavorable residues are colored in red and blue, respectively and the ligands (LPS or neoseptin3) are colored in yellow. The TLR4 and MD\*2 monomers are rotated for the best view.

(TIF)

###### 

Click here for additional data file.

###### The per residue energy contribution spectrums of TLR4\* and MD2 in the TLR4\*/MD2 interface.

**a)** the ligand-free (TLR4-MD2)~2~ tetramer, **b)** the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and **c)** the neoseptin3-bound (TLR4-MD2)~2~ tetramer complex. The favorable key residues (lower than -2 kcal/mol) and unfavorable residues (greater than 2 kcal/mol) are shown in black and blue, respectively.

(TIF)

###### 

Click here for additional data file.

###### Illustration of the key residues in the TLR4\*/MD2 interface.

**a)** the ligand-free (TLR4-MD2)~2~ tetramer, **b)** the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and **c)** the neoseptin3-bound (TLR4-MD2)~2~ tetramer complex. The favorable and unfavorable residues are colored in red and blue, respectively and the ligands (LPS or neoseptin3) are colored in yellow. The TLR4\* and MD2 monomers are rotated for the best view.

(TIF)

###### 

Click here for additional data file.

###### 

The per residue energy contribution spectrums of MD2, MD2\* and ligands (LPS, neoseptin3) in the MD2/ligand or MD2\*/ligand interface of a and b) the lipopolysaccharide (LPS)-bound (TLR4-MD2)2 tetramer complex, c and d) the neoseptin3-bound (TLR4-MD2)2 tetramer complex. The favorable key residues (lower than -2 and -1 kcal/mol) and unfavorable residues (greater than 1 kcal/mol) are shown in black and blue, respectively. The Illustration of these residues are shown next to each spectrum. The favorable and unfavorable residues are colored in red and blue, respectively and the ligands (LPS or neoseptin3) are colored in yellow.

(TIF)

###### 

Click here for additional data file.

###### The C~α~ root mean-square deviation (RMSD) of ligand-free TLR4-MD2 heterodimer, (TLR4-MD2)~2~ tetramer, lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and neoseptin3-bound (TLR4-MD2)~2~ tetramer complexes are averaged over the last 1.0 μs of each trajectory.

Trajectories in each complex are identified with a number from 1 to 4 (\#) and their average is denoted by '1--4' as shaded in light grey. The values in parenthesis are standard deviation.

(PDF)

###### 

Click here for additional data file.

###### The binding free energies (Δ*G*) in kcal/mol computed by both molecular mechanics generalized Born surface area (MM-GBSA) and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) methods at TLR4/MD2 interface.

The free energies in each trajectory of the ligand-free TLR4-MD2 heterodimer, (TLR4-MD2)~2~ tetramer, lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and neoseptin3-bound (TLR4-MD2)~2~ tetramer complexes are averaged over the 1000 frames from the last 1.0 μs of that trajectory with an interval of 1.0 ns. Trajectories in each complex are identified with a number from 1 to 4 (\#) and their average is denoted by '1--4' as shaded in light grey. A negative value is a favorable free energy, while a positive value is an unfavorable. The values in parenthesis are standard deviation. Δ*EMM* is molecular mechanics free energy which is divided into Δ*Eele* and Δ*Evdw* representing the contributions from the electrostatic and van der Waals interactions, respectively. Δ*Gsol* is solvation free energy expressed by Δ*Gpol* and Δ*Gpol*, the polar and non-polar contributions, respectively.

(PDF)

###### 

Click here for additional data file.

###### The binding free energies (Δ*G*) in kcal/mol computed by both molecular mechanics generalized Born surface area (MM-GBSA) and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) methods at TLR4\*/MD2\* interface.

(PDF)

###### 

Click here for additional data file.

###### The binding free energies (Δ*G*) in kcal/mol computed by both molecular mechanics generalized Born surface area (MM-GBSA) and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) methods at TLR4/TLR4\* interface.

(PDF)

###### 

Click here for additional data file.

###### The binding free energies (Δ*G*) in kcal/mol computed by both molecular mechanics generalized Born surface area (MM-GBSA) and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) methods at TLR4/MD2\* interface.

(PDF)

###### 

Click here for additional data file.

###### The binding free energies (Δ*G*) in kcal/mol computed by both molecular mechanics generalized Born surface area (MM-GBSA) and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) methods at TLR4\*/MD2 interface.

(PDF)

###### 

Click here for additional data file.

###### The binding free energies (Δ*G*) in kcal/mol at (TLR4-MD2)/(TLR4\*-MD2\*) interface computed by both molecular mechanics generalized Born surface area (MM-GBSA) and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) methods.

The free energies in each trajectory of the ligand-free (TLR4-MD2)~2~ tetramer, lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer, and neoseptin3-bound (TLR4-MD2)~2~ tetramer complexes are averaged over the 1000 frames from the last 1.0 μs of that trajectory with an interval of 1.0 ns. Trajectories in each complex are identified with a number from 1 to 4 (\#) and their average is denoted by '1--4' as shaded in light grey. A negative value is a favorable free energy, while a positive value is an unfavorable. The values in parenthesis are standard deviation. Δ*EMM* is molecular mechanics free energy which is divided into Δ*Eele* and Δ*Evdw* representing the contributions from the electrostatic and van der Waals interactions, respectively. Δ*Gsol* is solvation free energy expressed by Δ*Gpol* and Δ*Gnonpol*, the polar and non-polar contributions, respectively.

(PDF)

###### 

Click here for additional data file.

###### The key residues of TLR4 and MD2 identified by per-residue free energy decomposition (kcal/mol) in the TLR4/MD2 and TLR4\*/MD2\* interfaces of ligand-free TLR4-MD2 heterodimer, (TLR4-MD2)2 tetramer, lipopolysaccharide (LPS)-bound (TLR4-MD2)2 tetramer, and neoseptin3-bound (TLR4-MD2)2 tetramer complexes.

The values are averaged over the 1000 frames of the combined 4 trajectories of each system. A negative value is a favorable free energy, while a positive value is an unfavorable. The shaded entries are those that have unfavorable free energy contribution of 2.0 kcal/mol or greater.

(PDF)

###### 

Click here for additional data file.

###### The key residues of TLR4 and TLR4\* identified by per-residue free energy decomposition (kcal/mol) in the TLR4/TLR4\* interface of ligand-free (TLR4-MD2)2 tetramer, lipopolysaccharide (LPS)-bound (TLR4-MD2)2 tetramer, and neoseptin3-bound (TLR4-MD2)2 tetramer complexes.

The values are averaged over the 1000 frames of the combined 4 trajectories of each system. A negative value is a favorable free energy, while a positive value is an unfavorable. The shaded entries are those that have unfavorable free energy contribution of 2.0 kcal/mol or greater.

(PDF)

###### 

Click here for additional data file.

###### The binding free energies (Δ*G*) in kcal/mol between either MD2 or MD2\* monomer and the ligands (either LPS or neoseptin3) at either the MD2/ligand or MD2\*/ligand interface computed by both molecular mechanics generalized Born surface area (MM-GBSA) and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) methods.

The free energies in each of the lipopolysaccharide (LPS)-bound (TLR4-MD2)~2~ tetramer and neoseptin3-bound (TLR4-MD2)~2~ tetramer complexes are averaged over the 1000 frames of the combined 4 trajectories. A negative value is a favorable free energy, while a positive value is an unfavorable. The values in parenthesis are standard deviation. Δ*E*~*MM*~ is molecular mechanics free energy which is divided into Δ*E*~*ele*~ and Δ*E*~*vdw*~ representing the contributions from the electrostatic and van der Waals interactions, respectively. Δ*G*~*sol*~ is solvation free energy expressed by Δ*G*~*pol*~ and Δ*G*~*nonpol*~, the polar and non-polar contributions, respectively.

(PDF)

###### 

Click here for additional data file.
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